Abstract: We experimentally demonstrate, for the first time to our knowledge, highly-directional fluorescence emission at visible wavelengths from a silicon metasurface covered with a dye-doped thin film. We provide a physical interpretation based on multipole expansion.
Fabrication begins with a silicon-on-insulator (SOI) wafer, whose top Si is thinned to 160 nm. Nanorods are defined by electron beam lithography and dry etching in square arrays (period: 300nm). The bulk (handle) Si of the SOI wafer is removed by etching, and the nanorods are transferred to a glass wafer using UV glue. The nanorods are then spin coated with polymethylmethacrylate (PMMA, thickness § 180nm) doped with the fluorescent dye Nile-red. Fig. 1 shows the reflectance spectrum of the metasurface before coating. Measured and simulated reflection spectra are in good agreement, with two peaks corresponding to electric and magnetic dipole nanorod resonances. In the area labeled "reference" in Fig. 1 , the top Si has been etched down to the oxide. We next perform fluorescence microscopy with green excitation (filtered LED source) and a microscope objective (10×, NA: 0.25). The fluorescent microscopy image (Fig. 2 left inset) shows significantly stronger emission (up to ~7 times) from the metasurface than the reference. Measured fluorescence spectra (Fig. 2) indicate that the largest enhancement is at O=590nm, and that there is some spectral narrowing. Fluorescence lifetime measurements (Fig. 2 right inset) exclude the Purcell effect as the origin of the observed enhancement. We next measure far-field emission patterns using fluorescence microscopy as before, but with focused green laser excitation (O=532 nm), an oil immersion objective lens (NA: 1.40), and by displacing the camera from the focal plane. The device is covered with oil. The results are shown as Fig. 3 , with the upper and lower parts measured without and with emission filtering by a laser line filter (center wavelength: 590nm, FWHM: 10 nm), respectively. It can be seen that the fluorescent emission is much more directional with the metasurface, and with greater peak intensity. For comparison of the peak intensities from the metasurface and reference, Fig. 3c & f should be referred to, as the color-scale of each pattern of Fig. 3a,b,d ,e is independently normalized. The results with the laser line filter (Fig. 3d-f) , show an intense ring shape projection pattern with a peak intensity ~8 times larger than the reference. For physical interpretation, we perform finite difference time domain (FDTD) simulations of the far-field pattern produced by an electric dipole source located in a nanorod array (Fig. 4) . It can be seen that directional emission is achieved for all source dipole orientations. FDTD simulations also predict that substantial displacement of the emitter modifies the emission pattern, but that it remains highly directional (Fig. 5) . To further understand the role of the nanorods, we perform multipole expansion [5] for the case of the source dipole being centrally located (Fig. 4a) . The results (Fig. 6a) reveal that the electric (ED) and magnetic dipoles (MD) dominate the response. In Fig. 6b , we show the strengths of the ED and MD dipoles for nanorods located at increasing distance from the source dipole, revealing that only three specific dipoles dominate in the entire array. Fig. 6 c and d plot the intensity and phase distributions of EDz for a dipole source centrally located in an 10×10 array of nanorods. It can be seen that the closest few nanorods dominate the response.
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